This study evaluated the effect of surface roughness and tapered angle of cone crowns on retentive force (RF). Cone crowns from Ti-6Al-7Nb alloy with a tapered angle of 4, 5, or 6° were fabricated using a milling machine and a finishing machine to produce a smooth surface. Cone crowns of 6° with a rough surface were also prepared. The RF during 1,000 cycles of insertion/separation was recorded. The first RF of the 6° cone crowns was 24.2-27.7 N, and the surface roughness was not significant. The RF of all specimens decreased at 100 cycles, then those of inner and outer crowns with the same roughness remained unchanged, but those of different roughnesses increased with number of cycles. The RF of cone crowns with a smaller tapered angle was significantly greater than with a larger angle at any measured cycles.
INTRODUCTION
The cone crown telescopic system for removable partial dentures (RPDs) has several advantages compared with other retainers such as magnetic attachments, bar attachments, and O-ring attachments, including less denture movement, easy cleaning and mechanical durability [1] [2] [3] . However, RPDs using the cone crown telescopic system require complicated laboratory processes and high accuracy, and it is difficult to control the retentive force 4) . For the cone crown telescopic system, gold alloys are used as the definitive standard for gears, but these alloys are expensive and heavy and so Co-Cr alloys and titanium alloys are used as alternatives 5) . Because of its excellent corrosion resistance, biocompatibility, and low density, commercially pure titanium (CP Ti) has been used in the fabrication of dental prostheses 6, 7) . However, CP Ti also has several disadvantages such as low strength 8) and difficulty of casting and polishing 9) . Recently, a titanium alloy with 6 wt% aluminum and 7 wt% niobium (Ti-6Al-7Nb) has been developed that offers biocompatibility 10) and sufficient corrosion resistance 11) as well as superior wear resistance 12) , strength 12, 13) , ductility 13) and machinability 14) compared to CP Ti. The cone crown telescopic system is also used for attachments for implant supported prostheses [15] [16] [17] [18] [19] [20] [21] and this application was reported to be a viable treatment option 16) . Recently, a prefabricated cone crown telescopic system using a titanium alloy with 6 wt% aluminum and 4 wt% vanadium (Ti-6Al-4V) and gold alloy for implant superstructures has come on the market. The retentive force of this system was reported to provide a constant retentive force of 5-10 N over 5,000 cycles of insertion and separation 22) and the prosthesis survival rate of the prefabricated cone crown telescopic system after 5 years of usage was 100% 23) . These results suggest that the prefabricated cone crown telescopic system is effective for RPD, especially in elderly patients because of its ease of handling and cleaning. In clinical situations, the retentive force of the cone crown telescopic system is likely to change depending on the conditions of the abutment teeth, but the forces of the prefabricated cone crown telescopic system have not been clarified. Therefore, a newly designed prefabricated cone crown telescopic system having various retentive forces is required.
Although the retentive force required to make a denture sufficiently stable, functional, and satisfactory for the patient has not been elucidated 24) , the retentive force of each individual tooth for the cone crown telescopic system has been suggested to be 5 to 9 N 25) . Many factors influence the retentive force, including: tapered angle, height of conical crown 4) , thickness of the outer crowns, inner crown form 26) , alloy used for crowns, gap width in the occlusal region between inner and outer crowns, and surface roughness of cone crowns 27) . The retentive force decreases as the tapered angle increases, and so the suitable tapered angle of the cone crown telescopic system is reported to be 6° for type 4 gold alloys 28) . The greater height of the cone crown telescopic system increases the retentive force 29) , but the diameter of the cone crowns does not affect the retentive force 30) . The retentive force increases with thicker outer crown. The retentive force also increases as the gap width between inner and outer crowns increases, regardless of the height of the cone crown 27) . The retentive force of the cone crown telescopic system is the highest Effects of surface roughness and tapered angle of cone crown telescopic system on retentive force when gold alloy is used, followed by cobalt chromium alloy, CP Ti (Grade 2), and titanium alloy (Ti-6Al-7Nb).
The retentive force decreases more rapidly when using an alloy of low hardness 31) . The retentive force increases when saliva or water is coated on the inner crown surface, and decreases when lubricant oil is coated 32) . However, the effect of surface roughness on retentive force has not been examined in detail.
Surface roughness is considered to influence the retention of inlays and full coverage crowns 33) , and so the surface roughness of the cone crown telescopic system is likely to affect the retention of RPD. However, the surface roughness of the cone crown telescopic system might change due to wear during insertion and separation. The relationship among retentive force, surface roughness, and number of cycles of insertion and separation should be examined for clinical application of the prefabricated cone crown telescopic system.
The purpose of the present study was to evaluate the effects of surface roughness, tapered angle, and number of cycles of insertion and separation on the retentive forces of a prefabricated cone crown telescopic system.
MATERIALS AND METHODS

Preparation of experimental prefabricated cone crown telescopic system
For the experimental prefabricated cone crown telescopic system, Ti-6Al-7Nb alloy (F1295, Daido Steel, Nagoya, Japan) was used. The design of the inner and outer crowns, with a base diameter of 4.5 mm, a cone crown height of 3.5 mm, and a tapered angle of 4, 5 or 6°, is shown in Fig. 1 . These crowns were fabricated using a computer numerical controlled milling machine (Cincom L20, Citizen, Tokyo, Japan), and polished by a finishing machine (Pritic M, Priority, Tokyo, Japan) to obtain two different, smooth or rough, surfaces. The thickness of the outer crown was 0.4 mm. The occlusal space between the inner and outer cone crown was designed to be 50 µm. The surface roughness of these crowns was checked using a hybrid surface test and contour measurement formtracer (CS-3100, Mitutoyo, Kanagawa, Japan). The average surface roughnesses (Ra) of the smooth and rough surfaces of the inner crown were 0.1 and 1.5 µm, respectively; those of the outer crown were 0.1 and 1.2 µm, respectively. The 4 and 5° inner and outer crowns were prepared only with a smooth surface (Ra: 0.1 µm). The combinations and abbreviations of inner and outer crowns are listed in Table 1 .
Measurement of retentive force
An assembly of inner and outer crowns was placed in a special jig on the testing stage of an electromagnetic material testing machine (MMT-250N, Shimadzu Corp., Kyoto, Japan) with sensor interfaces (PCD320A and PCD300A, Kyowa Electronic Instruments Co., Tokyo Japan) and software package (PCD30A, Kyowa Electronic Instruments Co.) (Fig. 2) . The long axis of this test assembly was made to coincide with the moving direction of the piston of the testing machine and fixed with the special jig using an autopolymerized resin (Fixspeed, GC Corp., Tokyo, Japan). After polymerization of the resin, the piston of the test machine applied a 100-N load on the test assembly, moved 2.5 mm upward to separate the outer crown at a separation speed of 50 mm/min, and then returned downward to insert the outer crown until 100-N load applied. One thousand consecutive cycles of separation and insertion were performed at 10 cycles/minute. This test set-up permitted separation to be performed and evaluated in the axial direction only. At the first separation, and after each 100 cycles, three measurements of maximum retentive force Table 1 Combinations of inner and outer crowns (N) were recorded and averaged for each specimen 34) . Ten sets of the assembly were examined for each condition.
Scanning electron microscope (SEM) observation and element analysis
The inner crown surface was observed using a scanning electron microscope (S-4500, Hitachi High Technologies Co., Tokyo, Japan) to examine the condition of the surface of inner crowns before loading and after 1,000 consecutive loadings.
Statistical analysis
The retentive forces for the 6° cone crown telescopic system were analyzed by nested 2-way analysis of variance (ANOVA) with random effect, selecting combinations of surface roughness and number of cycles of insertion and separation, and Tukey's honestly significant difference (HSD) test using statistical software (JMP ver. 9.0.0, SAS Institute Inc., Cary, NC, USA). The effects of tapered angle on retentive forces were then analyzed by nested 2-way ANOVA, selecting combinations of tapered angle and number of cycles of insertion and separation, and Tukey's HSD test using statistical software. The significance level was set at 0.05.
RESULTS
Changes of the retentive forces for the 6° cone crown system are illustrated in Fig. 3 . The retentive forces of the first separation ranged from 24.2 to 27.7 N. The retentive forces of all specimens decreased at 100 cycles, then those of 15-12-6° and 01-01-6° showed slight changes, but those of 15-01-6° and 01-12-6° increased as the number of cycles increased. The retentive forces after 1,000 cycles ranged from 7.4 to 19.4 N. Two-way ANOVA suggested significant interaction between surface roughness and number of cycles of insertion and separation. Tukey's HSD indicated no statistically significant differences among the retentive forces of all groups at the first separation. After 300 cycles, the retentive forces of 15-12-6° were significantly smaller than those of the others. The retentive forces of 15-12-6° and 01-01-6° did not significantly change after 100 cycles until 1,000 cycles. The retentive force after 1,000 cycles ranged from 7.4 to 19.4 N, and that of 15-12-6° was significantly smaller than the others. The surfaces of inner and outer crowns did not show any obvious changes to the naked eye.
Changes of the retentive forces of different tapered angles are illustrated in Fig. 4 . The retentive forces at the first separation ranged from 45.3 to 24.2 N. The retentive forces of all specimens decreased at 100 cycles, but showed slight changes until 1,000 cycles. The retentive forces after 1,000 cycles ranged from 19.4 to 30.4 N. Two-way ANOVA suggested significance of two main factors (tapered angle and number of cycles of insertion and separation), but not their interaction. Tukey's HSD indicated significant differences among the retentive forces at the first separation of all groups. After Fig. 2 The assembly of inner and outer crowns was placed in a special jig on the testing stage of an electromagnetic material testing machine indicated by the arrow in (a). The changes of load and position of the assembly were recorded by a personal computer using a sensor interface. The outer crown was inserted on the inner crown with a load of 100 N (b), and separated upward until 2.5 mm (c). 100 cycles, the retentive forces of 01-01-4° were significantly greater than those of the others. The retentive forces of each tapered angle group did not significantly change after 100 cycles until 1,000 cycles. Several matt spots were observed at the occlusal axial surface of all inner and outer crowns of the 5° and 4° cone crown systems. Typical SEM images before loading and after 1,000 measurements of retentive force are illustrated in Fig. 5 . Figures 5(a) and (c) show the surface before measurement. Grooves caused by milling were observed on the surfaces of the rough surface crown. After measurement of retentive force, scratches in the axial direction on the occlusal axial surface of the rough surface crown were observed, which could not be easily recognized by the naked eye in the 6° cone crown system (Fig. 5(d) ), but obvious scratches could not be observed on the rough surface crown (Fig. 5(b) ) 
DISCUSSION
The experimental prefabricated cone crowns used in the present study were prepared using a numerical controlled milling machine, and the surfaces of the cone crowns were checked using the hybrid surface test and a contour measurement formtracer. The size and surface of the cone crowns were found to be almost identical. Moreover, the experimental cone crowns were made from Ti-6Al-7Nb alloy, which has not been reported previously. The surface roughness of the experimental prefabricated cone crowns was similar to that of the surface of CP Ti as cast or in the well-polished condition 35) . The retentive forces of commercial prefabricated cone crowns of 6° tapered angle were reported to range from 10.01 to 29.69 N 22) , and those prepared with CAD/ CAM CP Ti of 6° tapered angle were approximately 13 to 36 N 27) . These values were similar to the retentive forces measured in the present study regardless of the different geometry of the cone crowns.
Regarding the effect of tapered angle on retentive force, the smaller tapered angle cone crown system showed greater retentive force, which was similar to previous papers 25) . The retentive force in the cone crown telescopic system is considered to be generated mainly by the residual elastic strain in the outer crown. This elastic strain occurs due to the deformation of the outer crown on the inner crown when occlusal force (L) is applied firmly, and remains when the occlusal force is separated because of the existence of the inner crown. Therefore, the elastic strain generates a force (N) normal to the interface between the outer and inner crowns (Fig.  6) . The retentive force (T0) is expressed using the static friction coefficient (SFC) (µ0):
T0=µ0N
(1)
N is expressed using the tapered angle (/2)
Therefore, the retentive force (T0) is expressed using equations 1 and 2
T0=µ0 L/sin(/2)
According to equation (3), SFCs (µ0)±standard deviations of 6, 5, and 4° tapered angle cone crowns using the first separation retentive force and applied force as occlusal force (100 N) were calculated as 0.0127±0.0039, 0.0146±0.0022, and 0.0158±0.0033, respectively; those at 1,000 cycles were 0.0101±0.0043, 0.0102±0.0030, and 0.0106±0.0022, respectively. The calculated SFCs at the same cycle were not significantly different, suggesting the validity of equation (1) . The SFCs at the first separation were significantly greater than those at 1,000 cycles, which suggests that the surface changed due to wear. However, the SFC of metal on metal with common surfaces is 0.5 36) , which is 30 to 40 times greater than the calculated SFC. This result indicates that the retentive force of the cone crown telescopic system is produced by not only residual elastic strain due to friction but also other factors such as the micro interlocking effect 32) . Future studies are needed to investigate how other factors affect the retentive force of cone crown telescopic systems.
The first retentive forces of 6° tapered angle were equal regardless of surface roughness. When the retentive force was provided by mainly friction, the SFCs of Ti-6Al-7Nb with Ra value of 0.1, 1.2, and 1.5 µm should be the same value. This should be possible because the SFCs of gold and Co-Cr alloys did not show significant differences among various surface conditions 4) . Then, the retentive force during insertion/separation cycles differed depending on the surface roughness condition. During insertion and separation, some irregularities of the surface will wear down and the interlocking effect will be reduced. The decrease of retentive force at 100 cycles was greater when the surface was rough, because the irregularities of the rough surface were easily removed compared with the smooth surface. After 100 cycles, the retentive forces of 15-12-6°, 01-01-6°, 01-01-5° and 01-01-4° did not change significantly, while those of 15-01-6° and 01-12-6° increased significantly. These tendencies were similar to those of previous reports 31, [37] [38] [39] [40] . There are several explanations for this phenomenon including: work hardening due to wear 31) , the existence of wear particles 37) , imperfect fitting between two cone crowns 41) and the change of contact area due to dislocation of inner and outer crowns 38) . According to SEM observations, there were scratches on the axial wall of inner crowns after measurement of the retentive force. The wear loss of Ti-6Al-7Nb was suggested to be smaller than that of CP Ti, which was 2/3 12) . However, the wear resistance of gold alloy was 3.4 times greater than that of CP Ti 42) , therefore the wear resistance of Ti-6Al-7Nb is not better than that of gold alloy. The retentive force of Ti-6Al-7Nb would change with greater number of cycles of insertion and separation compared with that of gold alloy. Further research is necessary to confirm the stability of retentive force of this experimental cone crown telescopic system. The retentive forces measured after 1,000 cycles except for 15-12-6° in the present study were greater than the suggested retentive force of each individual tooth for the cone crown telescopic system, 5 to 9 N. The experimental cone crown telescopic system was designed for dental implants. The greater retentive force of the cone crown telescopic system has been suggested to bind implant abutments tightly, consequently, a secondary splinting effect could benefit the osseointegration of immediately loaded implants 22, 23) . However, this greater retentive force hinders separation by the patient, which may result in the patient leaving the prosthesis in the oral cavity without removal. This situation is not desirable because of the increased risk of poor oral hygiene and aspiration pneumonia, especially among elderly patients. Therefore, further investigation is required to determine an adequate retentive force for the prosthesis supported by dental implants.
CONCLUSIONS
Within the limitations of this study, the following conclusions were drawn:
1. The first retentive force of the prefabricated 6° tapered angle cone crown telescopic system ranged from 24.2 to 27.7 N, and there was no significant difference in the surface roughness of cone crowns. 2. The retentive forces of all specimens decreased at 100 cycles, then those of 15-12-6° and 01-01-6° showed slight changes, but those of 15-01-6° and 01-12-6° increased as the number of cycles increased. 3. The retentive forces after 1,000 cycles of the prefabricated 6° tapered angle cone crown telescopic system ranged from 7.4 to 19.4 N, and those of 15-12-6° were significantly smaller than the others. 4. The retentive forces of smaller tapered angle cone crowns were significantly greater than those of larger tapered angle cone crowns at any measured cycles. The retentive forces of 01-01-4°, 01-01-5°, and 01-01-6° did not significantly change after 100 cycles until 1,000 cycles.
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